The N-methyl-D-aspartate receptor (NMDAR) has been implicated in the pathophysiology of neurological diseases, such as schizophrenia, autism spectrum disorders (ASD), and Alzheimer's disease (AD), whose unique clinical hallmark is a constellation of impaired social and/or cognitive behaviors. GluN3A (NR3A) is a unique inhibitory subunit in the NMDAR complex. The role of GluN3A in social behavioral activities is obscure. In this study, we sought to evaluate altered social activities in adult GluN3A knockout (KO) mice. GluN3A KO mice spent less time in reciprocal social interaction in the social interaction test compared to wild-type (WT) mice. A social approach test using a three-chamber system confirmed that mice lacking GluN3A had lower sociability and did not exhibit a preference for social novelty. GluN3A KO mice displayed abnormal food preference in the social transmission of food preference task and low social interaction activity in the five-trial social memory test, but without social memory deficits. Using a home cage monitoring system, we observed reduced social grooming behavior in GluN3A KO mice. Signaling genes that might mediate the altered social behaviors were examined in the prefrontal cortex, hippocampus, and thalamus. Among nine genes examined, the expression of the oxytocin receptor was significantly lower in the prefrontal cortex of GluN3A KO mice than that in WT mice. Oxytocin treatment rescued social activity deficits in GluN3A KO mice. These findings support a novel idea that a chronic state of moderate increases in NMDAR activities may lead to downregulation of the oxytocin signaling and impaired behavioral activities that are seen in psychiatric/neurodegenerative disorders.
Introduction
Glutamate mediates the majority of excitatory synaptic transmission in the central nervous system (CNS) (Meldrum, 2000) . It activates three distinct classes of ionotropic receptors: N-methyl-D-aspartate (NMDA) receptors (NMDARs), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (AMPARs), and kainic acid receptors (Hollmann and Heinemann, 1994; Karlsson et al., 2002; Lee et al., 1998) . Many studies have focused on the NMDARs because of their widespread distribution in the CNS and broad functions involving brain development, neural plasticity, cognitive functions, excitotoxicity, and neurodegenerative diseases (Bettler and Mulle, 1995; Choi, 1992; Dingledine et al., 1999; Mota et al., 2014; Neill et al., 2014) . NMDARs are hetero-multimers (with a tetrameric or pentameric structure) that are composed of at least two GluN1 subunits, and two or three GluN2A-D subunits (Nakanishi and Masu, 1994; Seeburg, 1993) . GluN1 (NR1) is required for the fundamental formation of NMDARs, and the GluN2 (NR2) subunit is important in different functional properties, such as learning and memory (Lee et al., 1998; Seeburg, 1993) . On the other hand, GluN3A (NR3A) and GluN3B (NR3B) were discovered later and its expression is relatively lower in the adult brain (Al-Hallaq et al., 2002; Ciabarra et al., 1995; Das et al., 1998) . The GluN3 subunits are unique inhibitory NMDAR subunits; when a GluN3 subunit is assembled with GluN1 and GluN2, it reduces the Ca 2+ permeability, affecting NMDAR-mediated synaptic currents and the overall NMDA responses (Nishi et al., 2001; Sucher et al., 1995; Tong et al., 2008) . Demonstrated in patch clamp recordings, the expression of the GluN3 subunit substantially suppressed NMDA currents (Cavara and Hollmann, 2008; Ciabarra et al., 1995; Das et al., 1998; Sucher et al., 1995) . The GluN3A expression is widely observed in brain regions, such as the cortex, hippocampus, thalamus, and olfactory bulb, whereas GluN3B expression is identified in the brain stem, spinal cord, cortex, hippocampus, amygdala, cerebellum, and olfactory bulb (Bendel et al., 2005; Fukaya et al., 2005; Sucher et al., 1995) . The GluN3A expression is identified in the brain of rodents, monkeys, and humans (Henson et al., 2010) . GluN3A expression peaks during early postnatal life, and diminishes to lower levels in adulthood (Ciabarra et al., 1995; PerezOtano et al., 2001 ). Therefore, most functional studies on the role of GluN3A/3B have focused on the developing stage; the functional role of these subunits in the adult brain remains incompletely defined. We recently demonstrated that even though the GluN3A expression level undergoes a downregulation after the neonatal period, GluN3A in the adult brain has profound impacts on locomotor activity, pain sensation, neuroprotection, olfactory, and cognitive functions (Lee et al., 2016a; Lee et al., 2015; Mohamad et al., 2013) . Specifically, deletion or reduced level of GluN3 generates a chronic state of moderately increased activities of NMDAR in the brain. The consequence of this chronic regulation of NMDAR on behavior activities has rarely been investigated before. NMDAR function has been implicated in the pathophysiology of neuropsychiatric and neurodegenerative diseases, such as schizophrenia, autism spectrum disorders (ASD), and Alzheimer's disease (AD), whose unique hallmark is impaired social behaviors and/or cognitive function with impaired synaptic activities (Gladding and Raymond, 2011; Kocahan and Dogan, 2017; Neill et al., 2014; Rosenthal-Simons et al., 2013) . For example, the glycine binding site in NMDARs can regulate social behavior in schizophrenia and ASD (Ghanizadeh, 2011; Labrie et al., 2008) . GluN1-deficient mice have behavioral abnormalities, including reduced social interactions, hypolocomotor activity, and deficits in cognitive inflexibility (Duncan et al., 2004; Mohn et al., 1999) . NMDAR antagonists, such as ketamine and MK-801, have been shown to have inhibitory or regulatory effects in adult rodent sociability (Silvestre et al., 1997; Siviy et al., 1995) . Basic and clinical evidence demonstrate antidepressant and anxiolytic effects of ketamine and other NMDAR antagonists (Murrough et al., 2017) . Furthermore, GluN3B knockout (KO) mice showed markedly increased social interactions with their familiar cage mates in their home cage, but moderately increased anxiety-like behavior and decreased social interaction in a novel environment (Niemann et al., 2007) . Recent studies have also linked sustained moderate activations of NMDA receptors to neurodegenerative changes in AD (Kocahan and Dogan, 2017) . In the present investigation, we tested the hypothesis that chronic deletion of the GluN3A subunit might have a significant impact on the social behavior in adulthood. We also explored the alteration of social genes, such as oxytocin in the GluN3A knockout brain, as an underlying mechanism in the behavior changes.
Experimental procedures
2.1. Wild-type and GluN3A KO mice Young adult (2-3-month-old) male GluN3A KO and littermate WT mice were tested in this investigation. All animal handling and experimental protocols were approved by the Emory University Institutional Animal Care and Use Committee (IACUC), in compliance with National Institutes of Health (NIH) guidelines. The GluN3A KO mice and WT counterparts were originally provided by Nobuki Nakanishi and Stuart A. Lipton at Sanford-Burnham Medical Research Institute (La Jolla, California, USA). Das and colleagues have described detailed information on the background of these mice (Das et al., 1998) . Briefly, embryonic stem cells derived from 129/SvJ were electroporated with DNA carrying disrupted GluN3A gene, and then injected into blastocysts from C57BL/6 mice. The resulting chimeric males were crossed with BlackSwiss or 129SvEv females to produce F1 heterozygotes. GluN3A KO homozygote mice were then produced by crossbreeding F1 mice. In our lab, homozygote colonies of either WT or GluN3A KO mice were maintained under the same conditions with identical room temperature (22°C), same food and water supply, and animal care environment.
Genotyping of DNA sequence
The genotyping method used in this study was performed as described previously (Mohamad et al., 2013) . DNA for genotyping was extracted from tail snips (approximately 2-4 mm). Two separate sets of primers were used for the GluN3A KO and WT mice, respectively. For the WT reaction, forward primer: 5′-CCACGGTGAGCTTGGGGAAG-3′ and reverse primer: 5′-TTGGGGAGCGCCCTGCATGG-3′. For the KO reaction, forward primer: 5′-CCACGGTGAGCTTGGGGAAG-3′ and reverse primer: 5′-GCCTGAAGAACGAGATCAGG-3′. DNA (2 μl) was amplified on a thermal cycler (MJ minim, Personal Thermal Cycler, BioRad, CA, USA) for 40 cycles (95°C for 60 s, 58°C for 30 s, 72°C for 60 s). Afterwards, the samples were incubated for an additional 10 min at 72°C before being held at 4°C. PCR products were subjected to electrophoresis in 2% agarose gel with ethidium bromide. The relative intensity of PCR bands was analyzed using InGenius3 manual gel documentation system (Syngene, Frederick, MD, USA).
Oxytocin treatment
WT and GluN3A KO mice were intraperitoneally (i.p.) administered 10 mg/kg oxytocin (Sigma-Aldrich, St. Louis, MO, USA) or saline vehicle treatment once daily for 7 days. This dosage was selected based on previous reports (Mooney et al., 2014) .
Behavioral tests
In behavioral assays, all animals were tested at the same time of the day (early or late evening). An individual mouse was tested no more than twice a day.
Reciprocal social interaction test
This test was conducted with untreated, unfamiliar, weight-matched, age-matched, and sex-matched mice partners. Subject and stranger mice were put together in a clean empty home cage and recorded by the TopScan System (Clever Sys Inc., Reston, VA, USA). We scored time spent in social interaction of the animals for 10 min between 1 and 5 PM. The following social interaction categories were all blindly scored: social sniffing (both nose-to-nose sniffing and nose-toanogenital sniffing), following, grooming, biting, and wrestling. Cages were washed with 70% ethanol solution and water before we performed the next test in order to prevent possible inter-subject crosscontamination.
Social approach test using the three-chamber system
The social approach test was utilized to test general sociability and response to social novelty. The test was performed in a three-chambered box with openings between the chambers. Glass panels were used to cover the openings during phase changes. First, the test subject was placed into the empty box and allowed to explore all chambers freely for 10 min. After the habituation period, a stranger (non-littermate) mouse contained in a wire cage was placed into the left chamber. The mouse was then allowed to explore all three chambers. Both the time spent with the stranger mouse (stranger #1) and the time in the empty chamber was recorded over a 10 min session. The test mouse was then returned to the center chamber and the openings were blocked. In the social novelty test, a second stranger mouse (stranger #2) was placed in the empty chamber. The central chamber door was opened, and the test mouse was again allowed to freely explore the chambers and interact with strangers #1 and #2. Since the test mouse already had contact with stranger #1 but not #2, the time spent with stranger #2 vs #1 tested the subject's preference for novel social interaction.
Social transmission of food preference test
The social transmission of food preference test was used in rodents to assess social activity (Silverman et al., 2010) . For this test, two demonstrator mice were removed from each test cage and individually housed overnight with water but without food (18 h). The demonstrator mice were then placed into clean cages containing almond-flavored food in small glass jars (3.9 cm diameter, 3.4 cm high). The glass jars were set in shallow Petri dishes so that food scattered by the digging of the mice was retained. Demonstrator mice were left to eat the cued food (almond) for 2 h. Dishes were weighed before and after to measure how much food was eaten. The demonstrator mouse was then placed in a clean experimental cage. One at a time, "observer" mice from the same home cage of the demonstrator mice were placed in the cage containing the demonstrator mice and left there for 5 min. The observer mouse was then removed. After an interval of 15 min the sequence of interaction was repeated with each observer mouse being placed with the second demonstrator mouse from the home cage. All observer mice were then returned to the home cage, and demonstrator mice were individually housed. Six hours after the social interaction sessions, the observer mouse was food-deprived for 18 h (overnight). The following morning, each mouse was placed individually in a clean cage (45 cm × 28 cm × 12 cm) containing two "dishes" in either corner at the back of the cage; one with almond-flavored food (cued) and the other containing normal diet (non-cued). Mice were allowed to eat for 2 h. Dishes were weighed before and after to determine the amount of food eaten. Food preference was calculated as the amount of cued food eaten, non-cued food eaten, and total food (non-cued food plus cued food) eaten.
Social direct interaction test
To measure social memory function, we performed the direct interaction test. In the first trial, the subject mouse was placed in a clean cage, and a novel mouse was introduced. Social interaction activity was quantified to examine the time spent in social sniffing, social following, and social grooming. After an inter-trial interval of 1 h, either the previously encountered mouse or a novel mouse was introduced, and then the social interaction activity was measured for 5 min (Hitti and Siegelbaum, 2014) .
Five-trial social memory test
The five-trial social memory test was performed to measure social memory ability. Briefly, subject mice were presented with four successive 1-min trials. On the last trial, we introduced a novel mouse. In each trial, we measured the social interaction activity (nose-to-nose sniffing, following, and grooming).
Western blot analysis
Western blot analysis was used to analyze the expressions of social behavior-related proteins in the cortex, hippocampus, and thalamus from WT and GluN3A KO brains. Brain tissues were lysed in a lysis buffer containing 0.02 M Na 4 P 2 O 7 , 10 mM Tris-HCL (pH 7.4), 100 mM NaCl, 1 mM EDTA (pH 8.0), 1% Triton, 1 mM EGTA, 2 mM Na 3 VO 4 , and protease inhibitor cocktail (Sigma-Aldrich). The supernatant was collected after centrifugation at 15,000g for 10 min at 4°C. Protein concentration was determined with bicinchoninic acid (Pierce Biothechnology, Rockford, IL, USA) assay. Protein was normalized, and equivalent amounts of total protein were separated by molecular weight on SDS-polyacrylamide gradient gel, and then transferred to PVDF membranes. The blot was incubated in 5% bovine serum albumin (Sigma-Aldrich) for 1 h, and then reacted with primary antibodies at 4°C overnight.
The primary antibodies used and the dilutions for each were mouse anti-serotonin receptor (5-HTR; BD Bioscience, San Jose, CA, USA) at 1:2500, rabbit anti-serotonin transporter (BD Bioscience) at 1:1000, rabbit anti-oxytocin antibody (Fitzgerald Industries International, North Acton, MA, USA) at 1:1000, goat anti-oxytocin receptor antibody (Abcam, Cambridge, MA, USA) at 1:2000, goat anti-CD73 antibody (Santa Cruz Biotech, Inc., Dallas, TX, USA) at 1:2000, rabbit anti-BDNF antibody (Santa Cruz Biotech) at 1:2000, mouse anti-TNFR1 antibody (Santa Cruz Biotech) at 1:2000, rabbit anti-GluN3A antibody (Abcam) at 1:2000, and mouse anti-actin (Sigma-Aldrich). After washing with TBST, membranes were incubated with AP-conjugated or HRP-conjugated secondary antibodies (GE Healthcare, Piscataway, NJ, USA) for 2 h at room temperature. After final washing with TBST, the signals were detected with bromochloroidolylphosphate/nitroblue tetrazolium (BCIP/NBP) solution (Sigma-Aldrich) or film. Signal intensity was measured by ImageJ and normalized to the actin signal intensity.
Immunohistochemistry
Frozen brain tissues were sliced into 10 μm-thick coronal sections using a cryostat (Leica CM 1950; Leica Microsystems, Buffalo Grove, IL, USA). Sections were dried on the slide warmer for ≥30 min, fixed with 10% formalin buffer, washed with −20°C precooled ethanol: acetic acid (2:1) solution for 10 min, and finally permeabilized with 0.2% Triton-X 100 solution for 5 min. All slides were washed three times with PBS (5 min each) after each step. Then, tissue sections were blocked with 1% fish gelatin (Sigma-Aldrich) in PBS for 1 h at room temperature, and subsequently incubated with the primary antibodies against oxytocin (1:250; Fitzgerald Industries International), oxytocin receptor (1:200; Abcam), and NeuN (1:300; Millipore, Billerica, MA, USA) overnight at 4°C. The next day, slides were washed three times with PBS for 5 min, then reacted with the secondary antibodies Alexa Fluor®488 goat anti-mouse (1:300; Life Technologies, Grand Island, NY, USA), Cy3-conjugated donkey anti-rabbit (1:300; Jackson ImmunoResearch Laboratories, West Grove, PA, USA), or Cy5-conjugated donkey anti-mouse (1:400; Jackson ImmunoResearch Laboratories) for 90 min at room temperature. After three washes with PBS, nuclei were counterstained with Hoechst 33342 (1:20,000; Molecular Probes) for 5 min as a control. Then, all slides were fixed with Vectashield mounting medium (Vector Laboratory, Burliungame, CA) and finally covered by a coverslip for microscopy and image analysis.
Cell counting in brain sections
The counting of oxytocin receptor positive cells was performed following the principles of design-based stereology. Systematic random sampling was employed to ensure accurate and non-redundant cell counting. Every section under analysis was at least 90 μm apart away from the next. Three frozen 10-μm thick sections spanning the entire region of interest were selected for cell counting. Counting was performed on five non-overlapping randomly selected 20× fields per section in the cortex.
Isolation of total RNA and RT-PCR
Total RNA from tissues of WT and GluN3A KO mice was isolated as described before (Lee et al., 2016b) . RNA integrity was confirmed by detection of 28S and 18S rRNA band. RNA was confirmed to be free of genomic DNA contamination by PCR in the absence of reverse transcriptase (RT). The RNA samples were reverse transcribed in 20 μl of a reaction mixture containing 2× RT buffer and 20× RT enzyme mix, according to the manufacturer's instruction (Life Technologies) at 37°C for 60 min. The samples were then incubated at 95°C for 5 min and transferred to 4°C. One microliter of RT product was subjected to PCR amplification with 10 pmol primer, 10× standard Taq reaction buffer, 10 mM dNTP, and 0.625 unit Taq polymerase in 20 μl buffer (New England Biolabs Inc., Ipswich, MA, USA). PCR primers were used as follows (5′-3′): for Vasopressin R1a, ATTGCTGGGCTACCTTCATCC (forward) and CCTTGGCGAATTTCTGCGCT (reverse); for Vasopressin R2, GACCCCCCTTTGTGTTGCTCA (forward) and TCAGGAGGGTGTAT CCTTCAT (reverse); and for 18 s, GACTCAACACGGGAAACCTC (forward) and ATGCCAGAGTCTCGTTCGTT (reverse). PCR mixtures were heated to 95°C for 10 min and cycled 30-37 times for each primer; cycles consisted of 95°C for 15 s, 60°C for 1 min, and 72°C for 30 s. After additional incubation at 72°C for 10 min, the PCR samples were transferred to 4°C. PCR products were subjected to electrophoresis in 2% agarose gel with ethidium bromide. Relative intensity of a PCR band was analyzed using InGenius3 manual gel documentation systems (Syngene).
Statistical analysis
GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA) was used for statistical analysis and graphic presentation. Student's twotailed t-test was used for the comparison of two experimental groups, and One-way ANOVA followed by Bonferroni correction was used for multiple-group comparisons. Two-way ANOVA followed by Bonferroni correction was used for repeated measurements. Significant differences between groups were identified by a P value of < 0.05. All data are presented as Mean ± SEM.
Results

Social interaction deficits of adult GluN3A KO mice
First, we examined whether deletion of GluN3A could influence reciprocal social interaction behaviors in adult mice. The times (durations) of animals spent in social sniffing (nose-to-nose sniffing and noseto-anogenital sniffing), following, grooming, biting, and wrestling were measured using a TopScan Monitoring System in home cage environment. During 10 min surveillances, GluN3A KO mice spent significant less time in following and sniffing each other and showed a tendency of spending less time in social grooming compared to WT mice ( Fig. 1A-C) . Overall, the total time of GluN3A KO mice spent in social behaviors was significantly shorter than that of WT mice (Fig. 1D) . No allogrooming, biting, and wrestling behaviors were observed either in WT or GluN3A KO mice during the surveillance time (data not shown).
GluN3A KO mice showed low social approach
Next, we performed the social approach test in different groups using a three-chamber system. In the sociability test, when a stranger mouse was placed into one chamber (phase I), WT mice displayed a preference to the unfamiliar mouse, while GluN3A KO mice did not show any preference for either a familiar or an unfamiliar mouse in the chamber ( Fig. 2A) . In the social novelty test following the above phase I test, WT animals showed a preference to a novel stranger in the chamber, while GluN3A KO mice preferentially remained in the chamber with the familiar mice. The quantified analysis confirmed that GluN3A KO mice spent significantly less time in exploring the novel mouse chamber than that of WT animals (Fig. 2B) .
GluN3A KO mice showed aberrant social transmission behavior
The social transmission of food preference task was used to confirm social activity changes, taking the advantage that this test does not rely on motor function (Alvarez et al., 2002) . After the presentation of the cued food (almond) to the demonstrator mouse, the WT mice consumed a significantly greater amount of the cued food than non-cued food (normal diet) (Fig. 2C) . However, the GluN3A KO mice showed no such preference between the cued and non-cued food (Fig. 2C) . The total food consumed by WT and GluN3A KO mice was about the same. Our previous work showed that GluN3A KO mice exhibited deficits in olfactory functions (Lee et al., 2016a) . It is possible that the reduced food preference could be a related consequence.
GluN3A KO mice exhibited normal social memory activity
To further determine whether GluN3A could affect the behavior associated with social memory, we performed a social direct interaction test. When the subject mouse was exposed to the same mouse twice Fig. 1 . GluN3A KO mice show deficits in reciprocal social interaction. A social interaction test was performed to reveal the effect of GluN3A on general social activity. A-D. We scored social sniffing, following, grooming, and total social time to quantify reciprocal social interaction. In this test, the trend of reduced social grooming in GluN3A mice was not statistically significant from WT mice. However, social following and social sniffing time, as well as the total social time, were significantly and markedly reduced in GluN3A KO mice compared to WT mice. Paired t-test for A-C; Two-way ANOVA followed by Bonferroni correction: F(12,12) = 1.516; *P < 0.05 vs. WT; n = 13 animals per group.
J.H. Lee et al. Experimental Neurology 305 (2018) 1-12 within a 1 h interval, WT mice in trial 2 showed a decreased interaction time (Fig. 3A) . GluN3A KO mice showed a trend of shorter interaction time during the second exposure, but the reduction in the interaction behavior was not significant (Fig. 3A) . To ensure that the observed effects were directly related to social recognition and memory, not just decreased sociability in general, subject mice in both groups were also exposed to a novel mouse in trial 2. In this event, there were no significant differences between the two trials for either group (Fig. 3B) . Comparing GluN3A KO mice to WT mice in this test, GluN3A KO mice had shorter total interaction time in trial 1, which corroborates our previous findings of decreased sociability in GluN3A mice (Figs. 1 and  3 ).
Using new groups of animals, we performed a five-trial social memory test, a more sensitive test of social memory, to gain more conclusive results regarding the social memory behavior. WT mice exhibited an apparent habituation (decreased interacting time) during the first four trials with the same familiar mice and a dishabituation (increased interacting time) in trial 5 with a novel mouse, indicating normal social memory function (Fig. 3C) . Like WT mice, GluN3A KO mice showed an apparent habituation (decreased interacting time) during the four exposures to the same mouse. Even though the total interaction time was relatively attenuated as compared to the WT mice, the inter-trial differences were significant, suggestive of relatively intact social memory (Fig. 3C) . In trial 5 of exposure to a novel mouse, although there was no significant difference between WT and GluN3A KO mice, GluN3A KO mice had shorter social interaction time similar to that in trial 1 (Fig. 3C ). This finding suggests low social activity without social memory deficit in GluN3A KO mice.
Expression of social behavior genes and downregulation of oxytocin receptor in GluN3A KO mice
To understand the molecular mechanism as a consequence of deleting GluN3A in the brain, RT-PCR and Western blot analyses were applied to examine of mRNA and protein levels of vasopressin (AVP) receptors 1 and 2, oxytocin, and oxytocin receptor, which are key mediators/regulators of social behaviors and social recognition (Bielsky and Young, 2004; Heinrichs and Domes, 2008; Insel and Shapiro, 1992; Morrison and Melloni Jr., 2014) . RT-PCR assays showed no significant change of AVP receptors 1 and 2 in the prefrontal cortex of WT and GluN3A mice (Fig. 4A-C) . In Western blotting, the protein expression of oxytocin receptor in the prefrontal cortex was significantly downregulated in GluN3A KO mice ( Fig. 4D and F) ; it's level in the hippocampus and thalamus showed a trend of reduction (see Fig. 6A and B) . Meanwhile, no difference was seen in the oxytocin level between WT and GluN3A mice ( Fig. 4D and E) .
In immunostaining analysis, the oxytocin receptor immunoreactivity was mainly colocalized with NeuN positive cells, (Fig. 4G) , suggesting oxytocin receptors were primarily expressed in neuronal cells. Consistent with Western blot data, the oxytocin receptor Fig. 2 . GluN3A KO mice show differences in preference for social novelty in the social approach test and in the social activity test. A social approach test using a three-chamber system was performed to determine whether the deletion of GluN3A could affect social approach, especially sociability and social novelty. A. In the first phase (sociability) of the social approach test, WT mice preferred to stay with the stranger mouse, while GluN3A KO mice spent significantly less time in a chamber containing a stranger mouse. *P < 0.05 vs. WT; n = 13 per group. B. In the second phase (social novelty) of the social approach test, again, WT mice spent most time with the novel stranger in the third chamber, but the time spent by GluN3A KO mice was significantly less compared to WT mice. *P < 0.05 vs. WT; n = 13 per group. C. The social transmission of food preference task was a measure of social activity. The carton diagrams on the left show the contact time of a demonstrator mouse (black) with cued food (black) and interaction with an observer mouse; the third diagram shows the observer mouse was placed with both cued and non-cued food in a cage 24 h after staying with the demonstrator mouse. The bar graph summarized the consumed cued and non-cued food in the third cage. WT mice illustrated a substantial preference on cued food, apparently influenced by the demonstrator. On the contrary, GluN3A KO mice showed no significant difference in eating cued and non-cued food. One-way ANOVA followed by Bonferroni correction; F(1,40) = 15, 11, P < 0.05, n = 14 per group.
J.H. Lee et al. Experimental Neurology 305 (2018) 1-12 level in the prefrontal cortex was particularly low in GluN3A KO mice compared to that in WT mice (Fig. 4H) . No significant changes in oxytocin receptor in the hippocampal CA2 region ( Fig. 4I and J) . In Western blot assays, the levels of serotonin receptor (5-HTR) and serotonin transporter (5-HTT) in the cortex showed no difference between WT and GluN3A KO mice (5A-5C). Brain-derived neurotrophic factor (BDNF), cluster of differentiation 73 (CD73), and tumor necrosis factor receptor 1 (TNFR1) were also measured due to their potential roles in social activities (Fanous et al., 2011; Ito et al., 2011; Kulesskaya et al., 2013; Simen et al., 2006) ; no difference in their protein expression was detected in the prefrontal cortex ( Fig. 5A and F) .
On the other hand, protein expression profile showed a different pattern in the hippocampus and thalamus. In the hippocampus, the levels of oxytocin receptor, 5-HTR1B/2A, CD73, and TNFR1 were no different between WT and KO mice (Fig. 6A) . Interestingly, CD38, a multifunctional ectoenzyme shown to induce oxytocin release in the brain (Salmina et al., 2013; Young, 2007) was significantly higher in the hippocampus of GluN3A KO mice, presumably plays a compensatory role in the chronic absence of GluN3A (Fig. 6A) . In the thalamus, the levels of oxytocin receptor, 5-HTR1B, TNFR1, and CD73/38 were similar between WT and GluN3A KO mice (Fig. 6B) . However, 5-HTR2A was significantly lower in the thalamus (Fig. 6B) , which is a brain region related to the regulation of mood/sleep, sensory processing and even cognitive functions (Barre et al., 2016; McGregor et al., 2003) . This observation implies that a lower serotonin modulatory tone might contribute partly to altered psychological or social behaviors.
Oxytocin rescued the social activity deficits in GluN3A KO mice
To determine whether the oxytocin system could contribute centrally to the impairment of social activity in GluN3A KO mice, we treated new groups of WT and GluN3A KO mice with oxytocin (10 mg/ kg). All mice were administered oxytocin intraperitoneally (i.p.) for 7 days, and the social activity was examined using social interaction and social approach tests. In the social interaction test, although oxytocin did not show a significant effect on social sniffing, oxytocintreated GluN3A KO mice spent significantly more time in social grooming and following compared to controls. Consistently, the total social time for oxytocin-treated GluN3A KO mice was significantly increased (Fig. 7A-D) . In the sociability test, oxytocin supplement significantly corrected the social behavioral deficit in GluN3A KO mice and increased their preference for an unfamiliar mouse in the chamber (Fig. 7E) . Moreover, in the social novelty test, oxytocin-treated GluN3A KO mice spent significantly more time in exploring the novel mouse chamber than that of saline-treated GluN3A KO mice (Figs. 7, 6F ). In these two tests, oxytocin did not show a significant effect on WT mice (Fig. 7) .
Discussion
The present investigation focused on social behavioral activities, tested the hypothesis that a chronic state of moderate increases in NMDAR activities such as after the removal of GluN3A from NMDARs, might lead to social deficits in adults. In a variety of social behavioral tests, we identified low social interactions and reduced social approach, suggesting impaired social behaviors. The impaired olfactory function revealed in our previous investigation (Lee et al., 2016a ) may contribute to reduced social activities. In searching for a molecular mechanism mediating the observed effects, we identified low levels of the oxytocin receptor in the prefrontal cortex of GluN3A KO mice and showed that application of oxytocin rescues the GluN3A-associated social deficits. In addition, a reduced level of serotonin receptor 5-HTR2A in the thalamus may also play a role in the behavioral change. These results provide novel evidence for the signaling pathway linking the chronic NMDAR activity to the behavioral abnormality in adult animals. The expression of GluN3A, as a unique inhibitory NMDAR subunit, thus plays a regulatory role in the development and/or execution of normal social behavioral activities. Fig. 3 . GluN3A KO mice exhibited normal social memory function. Direct interaction and five-trial social memory tests were performed to investigate the effect of GluN3A on social memory. A and B. Setup of the social direct interaction test using the same (A) or different (B) mice in the two trials. A. WT mice showed proper habituation behavior with a decreased interaction time in trial 2, which is suggestive of intact social memory. Although GluN3A KO mice displayed relatively decreased habituation across two trials compared to WT mice, as indicated by their decreased interaction time during the second exposure, but the inter-trial difference was not significant (P = 0.1157). One-way ANOVA; F(1,10) = 5.725, *P < 0.05 vs. WT, # P < 0.05 vs. same group trial 1; n = 7 animals per group. B. When subject mice were exposed to a novel mouse, both groups explored new stimulus mice similarly. One-way ANOVA; F(1,10) = 0.06590, *P < 0.05 vs. WT; n = 7 per group. C. Five-trial social memory assay. Although GluN3A KO mice showed decreased interaction times, both WT and GluN3A KO mice habituated to the same mice during four trials and dishabituated to novel mice. Two-way ANOVA, F (4,40) = 0.6176, *P < 0.05 vs. WT, # P < 0.05 vs.
same group; n = 7 per group. Student's two-tailed ttest was applied.
J.H. Lee et al. Experimental Neurology 305 (2018) 1-12 Recent progress in basic and clinical research has identified critical periods of brain development that can have imperative impacts on behavioral and functional activities in adulthood (Ismail et al., 2017; Tucker et al., 2015; Tzanoulinou and Sandi, 2017) . Among mechanisms that can be responsible for the long-term consequence of brain development, NMDA receptor expression and activities play important roles (Harris et al., 2003) . Developmental changes in the composition of NMDA receptors can alter receptor physiology as well as intracellular signal pathways, potentially affecting thresholds for neural and behavioral plasticity. For example, neonatal ketamine exposure may cause NMDAR hypofunction, and led to altered NMDAR profile and long-term functional alterations persisting in adulthood (Akillioglu et al., 2012; Fig. 4 . Deletion of GluN3A leads to abnormal development of oxytocin receptor. We next performed RT-PCR analysis, Western blotting, and immunohistochemistry to investigate the possibility that the deletion of GluN3A could alter the development of the oxytocin system and vasopressin system. A. RT-PCR analysis of vasopressin (AVP) receptors 1 and 2 in the prefrontal cortex of WT and GluN3A KO mice. B and C. Quantification of relative intensity (normalized to 18S ribosomal RNA control) of AVP receptors 1 and 2 in the prefrontal cortex. Student's t-test; n = 6 per group. D. Western blotting of oxytocin and oxytocin receptor in the prefrontal cortex from WT and GluN3A KO mice. E and F. Quantification of the optic density (normalized to β-actin control) of oxytocin and oxytocin receptor in the prefrontal cortex. Student's t-test; *P < 0.05 vs. WT; n = 6 per group. G. Immunohistochemistry analysis revealed that oxytocin receptor-positive cells were completely co-labeled with NeuN positive cells in the prefrontal cortex. H. In the prefrontal cortex, the ratio of oxytocin receptor (green)-NeuN (red) double-positive cells to total NeuN-positive cells was lower in GluN3A KO mice as compared to WT mice. Student's t-test; *P < 0.05 vs. WT; n = 4-5 per group. I. Immunohistochemistry analysis revealed oxytocin receptor-positive cells in CA2 area of the hippocampus. Scale bars = 50 μM. J. The number of oxytocin receptor-NeuN double-positive cells was similar in GluN3A KO mice as compared to WT mice. Student's t-test; *P < 0.05 vs. WT; n = 4-5 per group. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) J.H. Lee et al. Experimental Neurology 305 (2018) Lecointre et al., 2015; Newcomer and Krystal, 2001) . Results from monkey studies suggest that chronic developmental exposure to high doses of an NMDA antagonist has pronounced and long-lasting effects on learning (Haberny et al., 2002) . There is evidence that developmental abnormalities occurring during the second trimester of pregnancy may play a role in the pathophysiology of schizophrenia (Marenco and Weinberger, 2000) . GluN3A is highly expressed in the rat brain during development, peaking around postnatal day seven and subsequently decreasing over time (Ciabarra et al., 1995; Sucher et al., 1995) . Similarly, GluN3A is robustly expressed in the human fetal brain during the second trimester (Mueller and Meador-Woodruff, 2003) . The GluN3A subunit is expressed in regions associated with psychological disorders, including the prefrontal cortex, hippocampus, thalamus, hypothalamus, and the amygdaloid nuclei (Wong et al., 2002) . It is likely that the level of GluN3A may show developmental impacts in a region-specific manner. Supporting this idea, in brains of people with schizophrenia, bipolar disorder, and depression, the GluN3A transcript level was elevated by 32% in schizophrenia relative to controls in the dorsolateral prefrontal cortex (DLPFC) restricted to gyral aspects of the DLPFC (Mueller and Meador-Woodruff, 2004 ). On the other hand, GluN3A mRNA significantly decreased by 12% in bipolar disorder relative to the comparison group in DLPFC (Mueller and MeadorWoodruff, 2004) . Future studies may be needed to verify whether the absence or reduced levels of GluN3A in a specific brain region during development shows spatial specificity for changes in behavioral and psychological functions in adulthood.
Studies from human and animal models suggest that alterations of the expression, trafficking, and function of ionotropic glutamate receptors lead to distorted synapse development and plasticity in an ASDspecific manner (Uzunova et al., 2014) . To date, there are hundreds of genes and factors speculated to be involved in normal social behavior and social disorders (Hoffmann and Spengler, 2014) . Of these, the major groups include neurohypophyseal peptides oxytocin and vasopressin (AVP) and their respective pathways, serotonin systems, and growth factors such as BDNF and inflammatory genes (Donaldson and Young, 2008; Insel et al., 1999) . Serotonin has long been known to play a role in a variety of behaviors, including appetite, depression, emotion, and autonomic activity (Kaufman et al., 2016; Singh, 2014) . Given these connections, we investigated the possible link between the social abnormalities observed with GluN3A KO mice and the underlying serotonin pathways. Interestingly, we 5-HTR2A is selectively reduced in the thalamus, a brain region relevant to emotional and psychological behaviors. This data is consistent with a previous report that NMDA treatment in rats decreased serotonin receptor densities in the cortex and/or thalamus, which could be responsible for emotional behavioral changes (McGregor et al., 2003) . On the other hand, the levels of 5-HTR1B and 5-HTT showed no difference among the prefrontal cortex, hippocampus, and thalamus. Collectively, this is consistent with modest results in targeting serotoninergic pathways to reverse social deficits (Gordon et al., 1993; McBride et al., 1996; McDougle et al., 1996) .
The two critical neuroendocrine peptides, AVP and oxytocin are frequently studied together, given their similarities in structure (9-amino acid peptides, or nonapeptides) and origin. Although their primary functions are different, both of these nonapeptides have been implicated in social behavior, and their dysregulations lead to abnormalities in social activity (Donaldson and Young, 2008; Insel et al., 1999; Silverman et al., 2007) . In the present study, we investigated both the oxytocin and AVP systems as potential candidates for the etiology of the GluN3A-associated social deficits. We obtained the novel evidence showing significantly downregulated oxytocin receptor levels in the prefrontal cortex. The prefrontal cortex has been implicated as an integral region for processing social behaviors, and lesions in the . GluN3A had no effect on the development of serotonin regulation, BDNF, CD73, and TNFR1. We investigated the possibility that the deletion of GluN3A could alter social behavior-associated genes such as serotonin receptor (5-HTR), serotonin transporter (5-HTT), BDNF, CD73, and TNFR1. A. Western blotting of serotonin receptor, serotonin transporter, BDNF, CD73, and TNFR1 in the prefrontal cortex from WT and GluN3A KO mice. B-F. Quantification of the optic density (normalized to β-actin control) of 5-HTR, 5-HTT, BDNF, CD73, and TNFR1 in the prefrontal cortex. The expression of these genes was also unchanged in GluN3A KO mice. N = 6 per group.
J.H. Lee et al. Experimental Neurology 305 (2018) 1-12 prefrontal cortex lead to social-specific impairments, such as group discohesiveness (Anderson et al., 1999; Myers, 1972) . Therefore, a significantly low level of oxytocin receptor and its signaling activity in this region should have notable impacts on related functions. This idea is supported by the observation that oxytocin treatment in GluN3A KO mice largely ameliorated the social behavior deficits. The other region we focused on was CA2 of the hippocampus, and we did not observe any differences in oxytocin receptor in the area. This negative data is consistent with the observations that the CA2 region is most responsible for social memory (Hitti and Siegelbaum, 2014; Tirko et al., 2014) . It was shown in a recent study that acutely administration of PEAQX, a GluN2A containing NMDA receptor antagonist, induced interruption on the spatial working memory of 8-week old mice (Green et al., 2016) . This acute effect of GluN2A blockade is consistent with the common Fig. 6 . Expression of social behavior genes in the hippocampus and thalamus. Western blot analysis was performed on brain tissues from the hippocampus and thalamus areas of WT and GluN3A KO mice. A. Western blot images and quantification of the band intensity compared to the basal level. The protein level of oxytocin receptor, serotonin receptors 5-HTR2A, 5-HTR1B, TNFR1, and CD73 showed no statistically difference between WT and KO mice. The level of CD38, however, was significantly higher in the KO hippocampus. N = 6, Student's t-test; *P < 0.05, F = 1.299. B. The above assay was repeated in the thalamus. All measured protein expressions were similar between WT and KO mice, expect the 5-HTR2A level was significantly lower in this brain region. N = 6; Student's t-test; *P < 0.05, F = 5.650.
J.H. Lee et al. Experimental Neurology 305 (2018) 1-12 notion that adequate NMDAR activity is essential for learning and memory. Without drug treatment, we did not detect significant differences in social memory between young adult WT and GluN3A KO mice. The memory interval (1 h) in the test examined relatively short-term memory. Long-term memory changes in the absence of GluN3A remain to be verified. Oxytocin has attracted more attention due to its direct social-related functions, given its effects on maternal events, such as parturition and lactation (Soloff et al., 1979) . Oxytocin exposure leads to restoring social behavior in the mouse models of autism (Bales et al., 2014; Penagarikano et al., 2015) . In a more recent report, oxytocin treatment of 1 mg/kg i.p. injections promotes hippocampal cell proliferation and dendritic maturation and affects socio-emotional behavior (SanchezVidana et al., 2016) . In fact, intranasal delivery of oxytocin is already being used in pediatric populations as a way to restore and even augment sociability and is effective for ameliorating the social deficits associated with post-traumatic stress disorder (PTSD) (Dadds et al., 2014; Koch et al., 2014) . In the present investigation, oxytocin was administered systematically. A recent fMRI imaging study showed that peripheral injections of oxytocin (0.1 to 2.5 mg/kg) affected all subdivisions of the olfactory bulb, in addition to the cerebellum and several brainstem areas relevant to the autonomic nervous system (Ferris et al., 2015) . The authors concluded that the patterns of brain activity suggest that either intranasally or systematic administered oxytocin can interact with central neurons. A high dosage of 10 mg/kg oxytocin was injected in our experiments compared with the previously reported dosage of 1 mg/kg (Sanchez-Vidana et al., 2016) ; presumably, more oxytocin could reach to brain tissues. A detail dose-response effect of oxytocin treatments should be performed in future translational studies on animal models and human subjects.
It is possible that the social behavior deficits are partly due to or related to sensorimotor dysfunction such as reduced olfactory sensitivity. In fact, patients with neurodegenerative diseases exhibit smell dysfunction ranging from severe loss, as seen in Alzheimer's and Parkinson's diseases, to relatively minor deficits, as shown in progressive supranuclear palsy (Doty, 2017; Umeda-Kameyama et al., 2017) . It is speculated that differential disruption of a common primordial neuropathogenesis may cause these differences in olfactory function. Neurotransmitters and receptors may involve in this process, but so far there has been no clear clue for the pathophysiological basis. Moreover, some recent studies have linked sustained moderate activation of NMDA receptors to the neurodegenerative changes in AD (Kocahan and Dogan, 2017) . The NMDAR related excitotoxicity hypothesis is supported by clinical evidence indicating that the NMDA receptor antagonist memantine slows AD progression (Parsons et al., 1998) . Collectively, the available data point to the idea that knocking out GluN3A results in a chronic state of moderate activation of the NMDAR containing GluN1 and GluN2, providing a potential causal relationship between glutamate chronic excitotoxicity, olfactory dysfunction, and neurodegenerative diseases. Fig. 7 . Oxytocin treatment rescues impaired social behaviors in GluN3A KO mice. Oxytocin (Oxy; 10 mg/kg) was intraperitoneally administered once per day for 7 days in adult WT and GluN3A KO mice. A-D. In the social interaction test, oxytocin treatment rescued the social deficits in social grooming, social following and, consequently, increased the total social time of GluN3A KO mice. Oneway ANOVA; F(1,16) = 0.4797 (A), F(1,16) = 5.010 (B), F(1,16) = 0.2161 (C), F(1,16) = 10.21 (D), *P < 0.05 vs. saline-treated GluN3A KO mice, **P < 0.01 vs. saline-treated GluN3A KO mice; n = 5 per group. E. In the sociability test of three chamber system, oxytocin-treated GluN3A KO mice spent significantly more time in the chamber containing a stranger mouse. One-way ANOVA, F(1,8) = 3.809, *P < 0.05 vs. saline-treated GluN3A KO mice; n = 5 per group. F. In the social novelty test, GluN3A KO mice showed social deficits of reduced interaction with a stranger while oxytocin treatment completely corrected this problem to the WT control level. Oneway ANOVA, F(1,8) = 0.8830; **P < 0.01 vs. salinetreated GluN3A KO; n = 5 per group.
J.H. Lee et al. Experimental Neurology 305 (2018) 1-12 CD73 (also known as ecto-5′-nucleotidase) is a cell surface enzyme that regulates purinergic signaling by dephosphorylating extracellular AMP to adenosine. A recent paper showed that CD73 deficient mice displayed altered social behavior, suggesting that CD73 can be involved in the process of social behaviors (Kulesskaya et al., 2013) . In the present investigation, we did not observe significant alterations in CD73 expression in several brain regions. Interestingly and potentially important, we observed that the CD38 expression was significantly higher in the hippocampus of GluN3A KO mice. CD38 is shown to promote oxytocin release, so this observation was somehow unexpected in animals of defective in social behaviors (Salmina et al., 2013; Young, 2007) . We suspect that the increased CD38 is likely an endogenous compensatory mechanism under the condition of weakened oxytocin signaling as seen in the GluN3A KO mouse.
The link between GluN3A and the oxytocin system may provide another avenue for targeting social disorders. Since our result was obtained from mice lacking the GluN3A subunit throughout the lifespan, more experiments using a conditional knockout technique may be helpful to delineate whether there is a critical developmental period of the inhibitory regulation on NMDAR activities associated with the social activity deficits. Otherwise, the changes are simply due to the absence of the inhibitory mechanism in adulthood. Clinically, the loss of olfactory function is chronically developed, but still precedes the appearance of cognitive deficits. Therefore, olfactory dysfunction has been suggested as a clinical marker for identifying vulnerable individuals for Alzheimer's disease (Doty, 2017; Umeda-Kameyama et al., 2017) . This is consistent with our observation that although young adult GluN3A KO mice show deficits in social behavior and olfactory function, their cognitive activities remain relatively normal. It will be important to delineate whether aged GluN3A KO mice are more vulnerable to cognitive deficits. The sex difference should be examined in future investigations. Our findings suggest that more attention on this NMDAR subunit is warranted, especially in the context of social abnormalities of neuropsychiatric and neurodegenerative diseases.
